Most hermaphroditic, many-flowered plants should suffer reduced fitness from within-plant selfing (geitonogamy). Large inflorescences are most attractive to pollinators, but also promote many flower visits during a single plant visit, which may increase selfing and decrease pollen export. A plant might avoid the negative consequences of attractiveness through modification of the floral display to promote fewer flower visits, while retaining attractiveness. This report shows that increasing only the variance in nectar volume per flower results in fewer flower visits per inflorescence by wild hummingbirds (Selasphorus rufus) and captive bumble bees (Bombus fla6ifrons) foraging on artificial inflorescences. Inflorescences were either constant (all flowers contained the same nectar volume) or variable (half the flowers were empty, the other half contained twice as much nectar as in the constant flowers). Both types of inflorescence were simultaneously available to foragers. Risk-averse foraging behaviour was expressed as a patch departure preference: birds and bees visited fewer flowers on variable inflorescences, and this preference was expressed when resource variability could be determined only by concurrent sampling. When variance treatments were clearly labelled with colour and offered to hummingbirds, the departure effect was maintained; however, when preference was measured by inflorescence choice, birds did not consistently prefer to visit constant inflorescences. The reduced visitation lengths on variable inflorescences by both birds and bees documented in this study imply that variance in nectar production rates within inflorescences may represent an adaptive trait to avoid the costs of geitonogamy.
Numerous features of flowering plants can affect a pollinator's visitation behaviour; these traits are expected to be adjusted by natural selection to maximize the plant's reproductive success. To understand potential adaptive strategies in plants, it is necessary to know how pollinating animals will alter their foraging behaviour in response to changes in specific plant features, such as the number of flowers or nectar production traits (Pyke 1980) . One such plant strategy, for plants with inflorescences of many flowers, is to produce variable nectar rewards that cause pollinators to leave the plant before visiting all flowers, thereby limiting geitonogamous (within-plant) selfing. Geitonogamy is expected to limit pollen export and lead to inbreeding depression in selfed progeny. And because many pollinating animals are risk-averse foragers (they disfavour variable resource patterns; see review by Kacelnik and Bateson 1996) , pollinators should visit fewer flowers when they encounter variation in nectar volumes within an inflorescence (Pleasants 1983 , Rathcke 1992 , and see Pappers et al. 1999) . A pollinator's preference for constancy in nectar volume might be expressed by visiting more flowers on constantly rewarding inflorescence types. In this paper, we report a test of this prediction using rufous hummingbirds (Selasphorus rufus) and bumble bees (Bombus fla6ifrons) foraging on artificial inflorescences.
When presented with the choice of two foraging options -a consistently rewarding patch with an associated colour or location and a variable patch with the same mean reward but a different colour or locationboth hummingbirds (Stephens and Paton 1986 , Waser and McRobert 1998 , Hurly and Oseen 1999 and bumble bees (Real 1981) have preferred the constant reward option. These results can be interpreted with risk-sensitive foraging theory, one form of which predicts that animals on a positive energy budget should minimize the probability of falling below a survival threshold by choosing a predictable diet over a variable one (the energy budget rule: Stephens 1981) .
However, as recognized by Zimmerman and Pyke (1986) , most tests of risk-sensitivity only consider the choice of conspicuously distinct prey types. In these cases, risk-sensitive foragers could distinguish prey type (constant vs. variable) by shape or colour (Hurly and Oseen 1999) , or by spatial location (Waser and McRobert 1998) , and risk involved a single level of uncertainty: the level of nectar rewards in variable flowers. But there is a second level of uncertainty that is potentially faced by a risk-sensitive forager: incomplete information about the prey type contained in a patch.
When prey types are cryptic and distributed in patches each containing a single type, a forager can determine variability only by sampling. In this case, foragers are limited to making risk-sensitive decisions within the patch, and preferences should be expressed as a patch departure decision rather than as a choice of cued prey types. Currently, there is no experimental evidence to support the idea that pollinators (bumble bees) use a currency of risk-minimization when deciding whether or not to continue foraging on an inflorescence (Cartar and Abrahams 1996 , but see the simulation model of Pappers et al. 1999 and Barnard and Brown 1987 , for risk-sensitive patch departure in shrews, Sorex araneus). However, no study has specifically tested pollinator risk-sensitivity when animals are free to forage between constant and variable patches in which flower type is cryptic and preference is measured in terms of patch departure.
From the perspective of a plant, manipulating pollinator patch departure behaviour can direct pollen dispersal. Reducing the length of visitation sequences should be especially important for hermaphroditic plants with large floral displays. Large displays are more attractive to pollinators (Klinkhamer et al. 1989 and references therein). But because the number of flowers visited increases with inflorescence size (Pyke 1979 , Geber 1985 , and the proportion of self pollen deposited on a stigma increases with flower number in a visit sequence (Geber 1985 , Hodges 1995 , multi-flowered plants should be faced with large proportions of geitonogamous pollen late in a visitation sequence (Hessing 1988 , de Jong et al. 1992 . Thus, although being attractive to pollinators is beneficial, those traits that attract pollinators will also lead to longer visit sequences and the consequences of geitonogamy; this should present a 'dilemma' to many plants .
Is it possible that variation in nectar production is an adaptive trait to decouple the benefits of attractiveness from the costs of geitonogamy? The present study addresses this question by examining the responses of two very different types of pollinators (bumble bees and hummingbirds) to within-inflorescence variance in nectar rewards. That is, we ask whether the potential exists for plants to manipulate pollinators by presenting variable nectar rewards in their flowers. We also consider whether one of these pollinators (hummingbirds) responds differently to variance in nectar rewards depending on whether the variation type of inflorescences is cryptic, or cued.
Methods

Hummingbird study
From May to July 2000, hummingbirds were studied in the Westcastle valley (49°3% N, 114°3% W), west of Pincher Creek, AB, Canada. The subjects were seven wild, adult male rufous hummingbirds who had established territories surrounding commercial hummingbird feeders placed throughout the study site in early May. Subjects were individually identified by a small marking of waterproof, non-toxic ink sprayed on the breast.
Birds were trained to drink nectar from the base of disposable syringe tips (length =16 mm, diameter =5 mm) that were to be used as flowers. Syringe tips were crimped so that fluid could not drain through them. Inflorescences were constructed of 12 flowers, which were syringe tips inserted into styrofoam spheres (diameter= 1.7 cm) and attached to wooden stakes (height= 75 cm, diameter=1.0 cm). Flowers were arranged into four columns, one in each cardinal direction, of three flowers. Uppermost flowers were 10 cm from the top of the stake; inferior flowers were spaced 5 cm apart.
Cryptic-6ariation trials
Hummingbirds were first presented with a square array of 4 inflorescences, all identical in appearance, spaced 30 cm apart. Two of the inflorescences contained 5 ml of 20% (mg solute/mg solution) sucrose solution in all 12 flowers. The other two inflorescences provided the same mean volume of nectar per flower (5 ml), but in a random distribution of six flowers containing 10 ml and six flowers with no nectar reward. Empty flowers were included in an effort to increase the level of variation (CV= 96), since the coefficient of variation is the best predictor of risk-sensitivity (Shafir 2000) . A foraging bout was a visit to the array at which the animal fed and left voluntarily; birds completed foraging bouts at intervals of approximately 10 min.
During each foraging bout, the sequence of inflorescences visited, the number of flowers probed on each inflorescence, and the sequence of flowers probed on variable inflorescences were recorded. Flowers were refilled immediately after each bout. The array was moved at least 1 m and rotated after each bout to ensure that birds could not memorize the location or relative positions of inflorescence variation types, and the two possible arrangements of inflorescence variation types (contiguous vs. diagonal) in the square array were alternated every four bouts. In addition, a new random distribution of the 10 ml rewards was presented every four foraging bouts in order to prevent the birds from learning the spatial location of the 10 ml flowers. Cryptic-variation trials lasted for 50 foraging bouts. Data were collected between 0700 h and 1900 h.
Cued-6ariation trials
Following the cryptic-variation trials for each subject, the variation type of each inflorescence was conspicuously labelled with colour and presented in a series of 70 bouts. Either pink or blue flagging tape was wrapped around 7 cm of the wooden stake above the inflorescence and 8 cm below (hence the volume of individual flowers within the inflorescence remained cryptic). The colour associated with each variation type was alternated between subjects.
Data were recorded in the same manner as the cryptic-variation trial; inflorescence arrays were also moved and rearranged as described above. For this experiment, each subject's first 5 bouts were discarded from the analysis and considered 'learning trials' in which birds were assumed to associate variation type and inflorescence colour.
The cryptic trials always preceded the cued-variation trials to ensure that no subject learned that the artificial patch consisted of an equal number of constant and variable inflorescences before beginning the cryptic trial. If this learning could occur, departure decisions might be biased by the knowledge of other available inflorescence types. Since pollinators are likely to learn colour associations early in the cued-variation trial (and subjects will have learned such associations in nature), the experience from the previous trial was not an issue in the cued-variation test. The purpose of the cued trials was to test subjects when they had more complete information on which inflorescence type offered which reward type.
Bumble bee study
From July to August of 2000, bumble bee observations were made on the campus of the University of Lethbridge (49°4% N, 112°5% W). The subjects were seven worker bees from two enclosed Bombus fla6ifrons colonies, established in the wild in domicile nest boxes (three bees from one colony, four from the other). All observations took place inside a screen tent (4 ×4 ×2 m) underneath a shade tree; otherwise, bees were kept under laboratory conditions and provided with pollen and sugar water. Individuals were recognized by a small marking of paint on the wing, thorax, or abdomen.
An analog of the hummingbird cryptic variation study was performed with the bumble bees. Artificial inflorescences as described above were used, with the addition of blue foam pads (2 × 2× 0.9 cm) fitted onto shortened syringe tips (length = 10 mm) to allow bees to land on the flowers and to reach the base of syringe tips. All subjects were first trained to drink nectar from the syringe tips by placing the bee on an artificial flower filled with sucrose solution. Two inflorescences, spaced 30 cm apart, were then presented to each bee; the constant inflorescence had 3 ml of 40% sucrose (mg solute/mg solution) per flower, while the other inflorescence offered a random distribution of six flowers with 6 ml (40% sucrose) and six empty flowers (CV = 96). A new random distribution of 6 ml rewards was presented every four foraging bouts. The arrangement and location of inflorescences were shifted and rotated after each bout.
During each bout, the sequence and the total number of flowers visited on each inflorescence before departure were recorded. A departure was defined as a move from a previously unvisited inflorescence to another inflorescence; thus, there were two possible departures during each foraging bout (the second being the move to revisit an inflorescence). A flower 'visit' was recorded whenever the bee landed on a foam pad. Observations lasted for 20 bouts with each subject save one, who died following the seventh bout. Data were collected between 0700 h and 1800 h.
Analyses
To determine the effect of treatment (constant vs variable, within subject), on departure behaviour during the cryptic-variation trials, data from all such trials were analyzed together; thus, the analysis was of data from the hummingbird and bumble bee studies and included 'species' as a (between-subject) categorical variable. We used a second ANOVA model to compare the effects of treatment (within-subject) and information state (cryptic vs. cued, within-subject) on hummingbird departure behaviour, which therefore included data from both cryptic-and cued-variation trials of the hummingbird study. Mean values for each treatment category for each subject were analysed using a multivariate model with repeated measures in JMP 4.0 (JMP 2000), permitting analysis of both within-and between-subject effects. Where means are given, variation is reported as 9 1 standard error. 
Results
We first determined whether or not the mean nectar volume per flower experienced by each subject before departure of variable inflorescences equaled that obtained from constant inflorescences. In only three cases did the mean volume experienced per bout differ significantly from the mean volume of constant inflorescences: one hummingbird subject and two bumble bee subjects experienced a greater mean nectar volume from variable inflorescences (Table 1) . It is likely, therefore, that any preferences for constant inflorescences in the following analyses represent risk-aversion rather than the maximization of long-term energy intake.
Cryptic-6ariation trials -Do hummingbirds and bumble bees exhibit risk-sensitive foraging behaviour as a patch departure preference? If birds and bees were risk-averse, they should have visited fewer flowers on variable inflorescences, relative to constant inflorescences. When the variance treatments were cryptic, hummingbirds and bumble bees indeed visited fewer flowers before departure from variable inflorescences compared to constant inflorescences (ANOVA, F 1,12 = 52.384, p B0.0001; Fig. 1 ). The strength of this effect differed between species as indicated by a significant species-by-treatment interaction (F 1,12 =20.522, p = 0.0007); bumble bees showed a greater preference differential than did hummingbirds (Fig. 1) . There was however, no overall difference between species in the number of flowers visited per inflorescence (F 1,12 = 0.194, p =0.6672).
Cued-6ariation trials -Did hummingbirds alter their departure decisions when given information on the level of variance within an inflorescence? Yes, birds increased the number of flowers visited per inflorescence when constant and variable inflorescences were identified by colour (ANOVA, F 1,6 =8.515, p =0.0267; Fig. 2 ). The treatment effect, however, was maintained; birds still visited more flowers on constant than on variable inflorescences (F 1,6 = 26.974, p =0.0020). The magnitude of this treatment effect did not change between cryptic and cued conditions, as indicated by the non-significant treatment-by-information-state interaction (F 1,6 = 0.023, p =0.8834; Fig. 2 ). The previous analysis considers the behaviour of birds upon visiting an inflorescence. A more conventional measure of preference is type of inflorescence that the bird chooses to visit first. A risk-averse forager should preferentially visit inflorescences that it knows are of low variance. By this measure, hummingbirds did not choose to visit one inflorescence type over the other when variation treatment was identified with colour. stant one (paired t-test, hypothesized value = 0.5, actual value= 0.199 0.06, t 6 = −5.29, p = 0.0096). And after a visit sequence of constant variable, the next inflorescence type chosen was random (paired t-test, hypothesized value = 0.5, actual value =0.389 0.13, t 6 = −0.91, p =0.40; for power =0.8, this test could have detected a significant effect size of 0.20).
Discussion
Risk-averse departure behaviour
The behaviour demonstrated in this study suggests that the potential does exist for flowering plants to manipulate pollinator movements by altering the variance in nectar volumes. Results from both the hummingbird and bumble bee trials support the hypothesis of Pleasants (1983) and Rathcke (1992) , which predicts fewer flower visits on inflorescences with variable nectar volumes per flower by risk-averse pollinators. Subjects from both taxa shortened visitation sequences on inflorescences with variable nectar distributions, compared to those with the same mean volume but a constant reward per flower. This behaviour is consistent with the risk-averse preferences of hummingbirds and bumble bees demonstrated in previous studies, when given the choice of two cued resource types differing in variability (Real 1981 , Stephens and Paton 1986 , Waser and McRobert 1998 .
The present study is unique in two ways. First, the cryptic-variation trials show risk-aversion when the identity of different resource types (constant or variable distributions) is unknown before visiting. Foragers made risk-averse discriminations by sampling the volumes available within each inflorescence, rather than by associating resource types with a colour or location. Second, this study shows clear risk-averse foraging preferences expressed as a difference in patch departure as opposed to the choice of distinct reward types. This result confirms the suggestion by Waser and McRobert (1998) that hummingbirds express risk-aversion while visiting individual inflorescences and agrees with the simulation model of Pappers et al. (1999) , which demonstrated variance-averse departure behaviour in bumble bees. Further, the departure data contradict the findings of Feinsinger (1978) , who reported longer visitation sequences on variable artificial inflorescences than on uniform ones by a single hummingbird (Amazilia tobaci ) subject. As recognized by Brink (1982) , though, Feinsinger's study was confounded by differences in nectar volumes. The present study, which manipulated only the degree of variance, fails to support Feinsinger's prediction that variable distributions should 'reinforce' nectarivores to continue foraging in variable patches.
Only 4 out of the 7 subjects tended to begin bouts by choosing constant inflorescences; the average difference between the number of first visits to constant and variable inflorescences by each bird (2.29 9 4.80) was in the predicted direction, but not different from zero (paired t-test, t 6 =0.476, p = 0.651; for power = 0.8, this test could have detected a significant effect size of 16.1).
Next, we analysed whether birds foraging in the cued-variation setup were selective in choosing what inflorescence type to move to within foraging bouts. That is, did birds prefer to move to constant inflorescences, as would be expected for risk aversion? Recall that there were 4 inflorescences available to birds, allowing 3 possible moves between inflorescences that are not revisits. If the first visit of a bout was to a variable inflorescence, the second inflorescence visited was more likely to be constant than expected by random choice (paired t-test, hypothesized value = 0.67, actual value = 0.76 90.063, t 6 =3.71, p =0.010). If the first inflorescence visit was to a constant inflorescence, the second visit was not more likely to be constant than expected by random choice (paired t-test, hypothesized value = 0.33, actual value =0.299 0.037, t 6 = −1.20, p = 0.27; for power=0.8, this test could have detected a significant effect size of 0.20). Hence, birds avoided variable inflorescences when their first choice was variable, but chose randomly when their first choice was constant. After a visit sequence of variable constant, the next inflorescence chosen was significantly less often a con-We interpret the risk-averse behaviour in our trials as an adaptation to minimize the probability of falling below a long-term energy threshold (Stephens 1981) . Because both birds and bees most often visited only a proportion of available flowers on variable inflorescences, they likely perceived them as a 'risky' option: that is, some visits to an inflorescence yielded greater than average energy gains and some yielded less (see Table 1 ). We suggest that the animals left inflorescences early after sampling a number of flowers and recognizing unfavourable variation in the reward distribution. In this way, they accepted a lower long-term rate of energy intake (by leaving early) to achieve lower variance in energy intake, which should decrease the probability of falling below an energy threshold.
However, we expected that if hummingbirds were risk-averse, they should have avoided visiting inflorescences that were signalled by a visual cue as containing variable flowers; this expectation was not supported. Overall, there was no clear preferences demonstrated by choice behaviour. The inflorescence choices are perplexing in light of previous tests of hummingbird risk-aversion, which have shown obvious, though incomplete, preferences for constant flower types when identified by colour (Stephens and Paton 1986, Hurly and Oseen 1999) . So although hummingbirds were risk-averse in departure preferences, they were indifferent in their choice of inflorescences. This discrepancy suggests that patch departure may actually be a more sensitive measure of risk-sensitivity than is patch choice. Although birds did not always focus their foraging effort on one reward type, the effect of variation was strong enough to elicit prolonged visits on constant inflorescences, once encountered.
Implications for pollination in natural systems
Many authors have recognized that if a plant is negatively affected by geitonogamy, it may possess adaptations to reduce the impact of selfing (Hessing 1988 , Harder and Barrett 1995 . Furthermore, it is often reported that pollinators will visit only a small fraction of the hundreds or even thousands of flowers available on mass-flowering plants (Robertson 1992) . Thus, it is apparent that some plants are able to attract pollinators while in some way also encouraging early departure . Presuming that changes in nectar production rates (NPR) will similarly affect the variance in the nectar volumes that pollinators encounter, the results from the present study suggest that NPR variation could be one of the traits contributing to early departure and reduced geitonogamy.
Results from the cryptic-variation trials indicate how pollinators might behave when encountering variation in nectar production rate within individuals of the same species. When variation is within visually similar inflorescences, both S. rufus and B. fla6ifrons will, on average, shorten their visitation sequence and should consequently distribute less geitonogamous self pollen. We suggest that many-flowered individuals in a single species might avoid some degree of geitonogamy and improve the efficiency of pollen export by varying the nectar production rates of their flowers, relative to smaller individuals of the same species (fewer-flowered inflorescences should experience lower geitonogamy). In fact, it is often found that pollinators visit less than an equal proportion of flowers on large, relative to smaller, inflorescences (Pleasants and Zimmerman 1990 , Eckhart 1991 , Robertson 1992 ) and this effect can be explained by the higher probability of flower revisitation on larger inflorescences (Ohashi and Yahara 1999) . Whether increased variability in the nectar volumes of large inflorescences might also contribute to this behaviour awaits investigation of the relationship between floral display size and within-plant variation in nectar availability observed in nature.
Results from the cued-variation trials suggest that hummingbirds may also make different departure decisions when faced with interspecies nectar variation within plants. Hummingbird-pollinated species with large inflorescences might reduce geitonogamy by producing variable nectar distributions relative to other local species with fewer flowered plants, as Pleasants (1983) suggested. And our results suggest that the magnitude of hummingbird preference should be no greater when cued (interspecific) than when variance is cryptically presented (intraspecific). If interspecies NPR variation within inflorescences is adaptive, it is expected that those species with large floral displays will produce the highest levels of variation. This prediction has also not yet been specifically tested.
In the present study, we have shown that hummingbirds and bumble bees will visit fewer flowers on an inflorescence when the variation in nectar volumes is increased, and suggest that many-flowered plants have the potential to exploit this effect by presenting variable nectar rewards. It should be recognized that the theoretical benefit of early departures may decline when the level of variation is so high that pollinators avoid visiting the inflorescence altogether (Rathcke 1992) . Nevertheless, we reaffirm that variability in NPR can be considered as one of the many potential adaptive strategies, currently of great interest, that might relieve the dilemma of inflorescence attractiveness .
